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KATIOHAL AWISOOT COMMUTES FOB AEHOTAOTICS 

TECHNICAL NOTE NO. 115«* 

A COMPARISON OF THE LATEEAL MOTIONS CALCULATED 

FOB TAILLESS AND CONVENTIONAL AIRPLANES 

By Charles W. Harper and. Arthur L. JOIIOB 

SUMMARY 

A theoretical analysis of the lateral dynamic notion of tailless and 
conventional airplansB was made for airplanes of two classes - fighter 
and heavy transport. Their reactions to a lateral gust and the control 
power required (in coefficient form) hy each for simple maneuvers were 
determined and compared. 

It 1B shown that no exeat difference should be expected between the 
lateral motions that characterize the stability of the two types of air- 
planes. The tailless a'rplanea show the greatest displacements for a 
given disturbance and have the least damping in the oscillatory mode. 
It appears unlikely that these oscillations can be made as small or as 
highly damped as for a conventional airplane. It ie estimated that 
some difficulty will be met in satisfying the requirement that lateral 
oscillations with controls free damp to one-half amplitude in 2 cycles. 

The two types of airplanes require almost identical aileron con- 
trol power to perform a given maneuver. However, tho tailless airplane 
required only about one-hajf to one -third cf the directional control 
power of the conventional airplane to perform a given maneuver. While 
this is an advantage insofar us directional control requirement is con- 
cerned, the low damping in yaw which ie largely responsible for this 
effect makes the airplane extremely susceptible to yawing disturbances 
that are normally considered unimportant. 

INTRODUCTION 

Acceptable dynamic characteristics of conventional airplanes are 
obtained partially through certain design criterlono which have been 
established, and partially through a trlal-and-error process based on 
past experience. This latter process has been extensively employed to 
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choose the lateral characteristics of airplanes because of a lack of pre- 
cise flying qualities requirements. In the case of the taillest. air- 
plane, however, little experience exists to guide the choice of lateral 
characteristics. This fact was emphasized during tests of a model of a 
tailless airplane when it became apparent that only the vaguest evalua- 
tion could be made of the suitability of various measured aerodynamic 
characteristics. 

It was thought that a theoretical investigation of the lateral- 
control powor required and the lateral-dynamic-stability characteristics 
of a conventional and tailless airplane night clarify the situation to 
some extent. A comparison of the control power required was obtained by 
subjectine the two types of airplanes to certain predetermined maneuvers 
through the medium of the dynamic-motion calculations outlined in this 
report under Method. These maneuvers and a gust condition applied to 
these airplanes to reveal their inherent dynamic-stability characteris- 
tics are described under Procedure. 

Sufficient wind-tunnel data were at hand to make these calculations 
for the tailless airplina and for a conventional airplane of comparable 
size and expected performance. Wind-tunnel data were also available for 
tailless and convention.i airplanes of the heavy transport class. A 
similar analysis w--.e :a.?Ao for the Be airplanes. It should be emphasized 
that the results o? thene analyses apply to airplanes more or less typ- 
ical of their class, and the results should not be considered as an 
absolute measure of the relative behavior of tailless and conventional 
designs. 

The stability characteristics in the form of stability derivatives 
were either measured or calculated for the individual airplanes. With 
one exception no attempt waB made to evaluate the effect of chancing 
theBe characteristics, since it was thought that they were typical. The 
one exception found necessary to consider was the variation in the yaw- 
ing moment which is due to yawing of the tailless airplanes. It can be 
shown that, where vertical fins are mounted on the wings, the yawing 
moment, which is due to yawing, varies appreciably with the angle of 
yaw; whereas for a conventional airplane this effect is quite email. 
Thus it might be expected that the motion of a tailless airplane will 
vary between the two extremes of the three cases presented, rather than 
closely following any one. 

PROCEDURE 

Four types of lateral motion were considered: (1) that following 
entrance into a sharp-edged lateral gust with controls fixed, (2) zero 
sideslip turns, (3) a 5° change in heading made with the rudder alone, 
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and (4) a roll to approximately 90° bank and return, using ailerons 
alone. The first two notions were investigated for all four airplanes 
and the last two for the email airplanes only. It was not expected 
that these maneuvers would represent flight conditions exactly, but it 
was believed that they would show where appreciable differences existed 
between the dynamic lateral control and -stability characturietice of 
tailless and conventional airplanes. In each case the airplane vae . 
considered to be near or at high epeed. The altitudes assumed were sea 
level for the large airplanes and £2,000 feet for the fighters. 

The inherent dynamic cuaractürijtiss of an airplane are shown most 
clearly by its reaction to an outside disturbance with the controls 
fixed. A sharp-edged lateral gust was considered the most likely form 
of outside disturbance that v.ould be encountered in flieht. Consequently, 
for each airplane the complete lateral motion was computed for a 10- 
eeccnd period following its entrance into a eharp-eiged lateral ßust. 

It was thought that any differences in the control requirements for 
each'type of airplane could b3 seer, through tue difference in control 
coefficients required to make a zero sideslip turn. These coefficients, 
therefore, were computed for each airplane for turns extending ovor vary- 
ing Intervals of time but having equal maximum angles of ban> (30°). 

The two additional investigations v/ere made on email airplanes be- 
cause it was believed that these vculd ehow to eoiae oxtont the eaue 
with which each type cculd be repidly maneuvered, flight experienco 
has shown that fighter airplanes unable to make a slicht change In head- 
ing without extensive control coordination are unsatisfactory. It was 
expected that the relative amounts of coordination required for the 
two types of airplanes, could therefore be Judged frcm the relative 
amounts of sideslip and roll developed in each case. Similar reasoning 
led to the investigation of the rapid roll maneuver. 

COEFFICIENTS AND SY130LS 

The coefficients and symbols defined norein are referred to the 
system of stability axes in which the X-axis is in the plane of eym 
metry and 1B parallel to the relative air stream, the Z-axis is in the 
plane of symmetry and is perpendicular to the X-axie, and the Y-axis 
is perpendicular to the plane of symmetry. The coefficients and sym- 
bols are defined aa follows: 

/lift 
airplane lift coefficient  ( qS 

rolling-moment coefficient Tolling moment > 
k qob j 
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Co     jawiag-aoment coefficient    /yavlne moaentN 
V   qsb  / 

Cy  elde-force coefficient  (Biae ^orce) 
qS 

L 

H 

rolling acceleration  (rolUg moment) 

7«vlng acceleration f 

eide-force coefficient 

/ yawing moment^ 

•j 

Bide forceN 
»   ) 

a  mass of airplane, slugs 

IJQ. moment of inertia about X-axis, slug-feet square 

zz 

P 

b 

8 

1 

a 

g 

*n 

»o 

9. 

V 

p 

r 

9 

moment of inertia about Z-axie, slug-feet square 

air density, slugs per cubic foot 

wing span, feet 

vlng area, square feet 

distance from the center of gravity of the airplane to the hinge 
line of the vertical tail, feet 

effective airplane angle of attack, radians 

acceleration due to gravity, feet per second squared 

the n**1 root of the stability quartic 

velocity along X-axis, feet per second 

PU0 \, pounds per square foot dynamic pressure ( — 

sideslipping component of velocity, feet per second 

rolling velocity, radians per second 

yawing velocity, radians per second 

angle of bank, radians except as otherwise indicated 
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*•  » 

P 

% 

% 

% 

angle of sideslip, radians except as. otherwise Indicated 

angle of yaw, radians except as otherwise Indicated 

rate of change of rolling-moment coefficient with angle of side- 
slip (ofj/dß), per degree 

rate of change of yavine-mcment coefficient with angle of side- 
slip (ÄCn/öß), per degree 

rate of change of side force coefficient with angle of sideslip 
(öCy/öß), per degree 

rate of change of rolliiig-Bement coefficient with wing-tip helix 

angle (ac,/c2u0) 

rate of change of yawing-moment coefficient with wing-tip helix 

angle (ä^/c^-) 

rate of change of rolling-moment coefficient with rb/£U0 

rate of change of yawlng-moment coefficient with rb/2U0 
,rb 

(?V® 
rate of change of rolling acceleration with angle of sideslip 

180 qSb\ 

(' "ß  n  IXX"' 

rate of change of yawing acceleration with angle of sideslip 

K*ß   *   ZZZJ 

rate of change of side-force acceleration with angle of sideslip 

ISO qS\ is•*) 
rate of change of rolling acceleration with rate of roll 

(%w0 W 
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Jtf    rate of Changs of rolling acceleration with rate of yaw 

8L  rate of change of yawing acceleration with rate of roll 

V*S 2U0 lzz) 

»r  rate of change of yawing acceleration with rate of yaw 

v1* aa i.-/ "O *M' 

METHOD 

This section ia intended as a guide and reference to the methods 
used and the data needed in making the dynamic calculations required 
for the procedures Just discussed. Since this type of calculation is 
quite laborious and complicated and is not generally familiar, the 
details of these calculations will not be of great interest or concern 
to anyone who has not made or does not contemplate making such calcu- 
lations. 

The stability derivatives for each airplane were obtained from 
wind-tunnel tests made In the Ames 7- by 10-foot wind tunnel and from 
reference 1. For the two tailless airplanes the three values of Cnr, 
which were due to the vertical tail, were estimated from the results 
of oscillation experiments made on a model of a tailless airplane. 
The physical properties of the airplane ware obtained frcm the manu- 
facturer. These data are presented in table I. The relative sizes 
and forms of the airplanes investigated are shown in ficuro 1. 

The method used to compute the motion of the airplane following 
a unit acceleration is outlined in the appendix of this report. The 
expressions for the constants required in the equations of motion 
are tabulated in the appendix and their values for the individual 
airplanes are presented In table IX. 

The method for compoundine the effects of unit disturbances to 
obtain the motion resulting from a guBt is presented in reference 2. 
The approximations nale trerein apply equally to this report. For 
the conventional alrpJanoe, account was taken of the period of pene- 
tration of the airplane into the gust to account for the delay of the 
reactions due to the tail. Ho delay of any type was considered for 
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the tailless airplanes. In addition, the motion of the airplane with re- 
spect to the ground was determined as outlined in the appendix. 

In order to find the yawing acceleration required to make and hold 
a 5 change in heading, the method outlined in reference 3 was followed. 
It is possible to determine the motion resulting from an irregular dis- 
turbance by using a graphical solution of Carson*e integral when the 
motion resulting from unit disturbance is known. In a similar msrxer 
it is possible to determine the necessary variation of the irregular 
disturbance when the desired motion and the motion resulting frcm unit 
disturbance are known. The necessary variation of yawing acceleration 
with time was first determined such that the airplcne experienced a 5° 
change in heading in I5 seconds and maintained this heading thereafter. 
The oscillatory tendencies of the airplane were thus reflected in the 
required yawing acceleration which oscillated rapidly about a mean 
value. It was considered unlikely that a pilot would perform a corre- 
sponding control maneuver, and hence the yawing acceleration was varied 
approximately as the mean of the oscillatory curve previously deter- 
mined. The airplane was then free to oscillate, the only restrictions 
being that a 5° change in heading was reached in l| seconds and that at 
no time during an oscillation did the airplane deviate more than 0.?° 
from this heading. 

The roll maneuver and the required rolling accelerations of the 
airplane were determined in a manner similar to that previously die- 
cussed. The approximation made in the equations of equilibrium that 
sin 9 • Cp introduces an appreciable error into these results where 
q> becomes as great as 90 . Accordingly, tne displacements computed 
for this maneuver should not be expected to predict closely these that 
would be measured in flight. It is believed, however, that this error 
does not invalidate the conclusions drawn as to the difference between 
the motions of tailless and conventional airplanes. 

It is not necessary to solve the equations of motion for a unit 
disturbance to determine the rolling and jawing accelerations required 
to perform a perfect (zero sideslip) turn. The procedure followed was 
that outlined in references h  ar.d '} wherein the variation of the angle 
of bank with time is predetermined, zero sideslip specified, and the 
necessary yawing and rolling accelerations computed frcm the equation 
of equilibrium. For each airplane the maximum angle of bank was held 
at 30 and the length of time in which the maneuver w&s completed was 
varied. The yawing and rolling accelerations required to perform the 
maneuver were then reduced to standard NACn moment-coefficient form. 

All motions are represented in terms of displacement (angles or 
distance) rather than rates of displacement (velocities) for easier 
visualization. 
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DISCÜSSIOH 

The complete dynamic lateral motion of an airplane can be ex- 
presBed analytically as three modes of the motion which are functions 
of the roots of the stability equation. 

It is from these roots that the damping and, in one case, the 
period of these three modes of lateral motion are obtained. A dis- 
cussion of these roots and of their significance is presented in 
this section along with the discussions of the results of the inves- 
tigations of the maneuvers and gust conditions to which the airplanes 
were subjected by mathematical simulation. 

A discussion of the motions resulting from unit accelerations 
applied to the airplane is also included in this section. These 
motions are the basic variations of the motion of the airplane re- 
sulting from an external disturbance and can be compounded into the 
motion resulting from any explicit gust or control-surface deflec- 
tion. 

Roots of the Stability Equation and Their Significance 

For the degrees of freedom considered herein, the stability 
equation is a quintic having, generally, two real roots, a pair of 
conjugate complex roots, and a aero root (indicating no inherent 
tendency of the airplane to hold a particular compaes heading). One 
of the real roots {\j_)  is small, corresponds to a slow turning and 
banking motion,and can be negative (spiral stability) or positive 
(spiral instability). The other real root (Xa) is, at low lift coef- 
ficients, larße and negative and corresponds to a highly damped 
rolling motion of the wings relative to the air. The pair of con- 
Jugate complex roots correspond to a combined rolling, yawing, and 
sldeslippinc oscillation ("Dutch roll"). The real part of this root 
is usually small and can be negative (oscillatory convergence) or 
positive (oscillatory divergence). 

The values of the various roots, the time to increase or de- 
crease the amplitude a given amount, and the period of the oscil- 
lations are given for each airplane in table III. Airplanes 1, 2 
(cases a and b), and h  (case a) show spiral instability. In no 
case is this sufficiently pronounced to be considered objectionable. 
It should be noted that the spiral instability of the tailless air- 
planes occurs because of a low damping in yaw (Cn ) rather than 
high directional stability as in the usual case. rThe resistance to 
rolling is high for each case considered and hence this motion is so 
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rapidly damped that It-may lie ignored afteir a fraction of a second. 
The extremely hi£-*i damping .exhibited by airplane 3 Is due to a low 
moment of inertia in rolling and not" to differing aerodynamic charac- 
teristics. 

The most significant difference between the motions of the con- 
ventional and tailless airplanes .appears in the oscillatory motion. 
This motion is damped for all the. airplanes but is much more rapidly- 
damped for the conventional .airplanes. 

The period of oscillation of the tailless airplanes is about 50 
percent greater than that of the conventional airplanes. It was 
found that Increasing the damping (CQ ) of the tailless airplane has 
little effect on the period of the oscillations but appreciably in- 
creases the damping of this motion. A requirement for satisfactory 
flying qualities states that the control-free lateral oscillation 
should always damp to one-half amplitude, in 2 cycles.  (See reference 
6.) With controls fixed, airplane 1 damps to one-half amplitude in 
one-half cycle and airplane 3 in 1 cycle. It is probable that with 
controls free these airplanes would satisfy the preceding require- 
ment. Airplane 2 requires £ cycles to damp to one-half amplitude 
with the lowest value of C^ and one-half cycle with the highest 
values of Cnr- The reduction in directional stability with controls 
free would therefore make the airplane unsatisfactory in this respect 
with the lowest and probably with the medium values of C^. Air- 
plane 4 requires 4 cycles to damp to one-half amplitude with the . 
lowest value of Cnj. and l1/^ cycles with the highest value of On?« 
It is doubtful that this airplane would meet the preceding require- 
ments with the controls free. 

Motion Resulting from Unit Disturbances 

The variations with time, of the motions (in roll, yav, and side- 
slip), resulting frcm each of the three possible unit lateral acceler- 
ations are shown in figures 2 to 19.. These motions ere used in com- 
pounding the. other motions investigated in the dynamic-motion calcu- 
lations. ' Consequently, they are Individually sigcif leant and reveal 
directly interesting characteristics of the stability, of the airplane. 
The unit accelerations for the various airplanes correspond to the 
following moment and force coefficients: 

Airolane 

1 I 0.0541 i 0.0B70 
2 ! .0332 i  .Pt33 
3 I .0018 ! " .0057 
It j .OO38 "' ! ' " .0041 

0.Ö1S6 j 
' .016? I 

.0041 ] 

.'O632 1 

•rJS^ft"^^;.;^^ 
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The variations In the Bize of the coefficients noted, in the preceding 
table are due to the variations In mass and momenta of inertia of the 
airplanes. It is evident, therefore, that a direct comparison of the 
magnitudes of the dleplaceuento for a given unit acceleration 1B not 
valid. However, since the magnitudes of the displacements vary direct- 
ly with the magnitudes of the disturbances, it ie a simple matter to 
estimate the various displacements at a constant coefficient for pur- 
poses of comparison. It should be noted that the displacement scales 
used in figures 2 to 19 are not consistent. Each scale was chosen 
such that the variation of the motion could easily be seen and com- 
pared between airplanes. The relative magnitude of the displacements 
resulting from unit accelerations in roll, yaw, and sideslip are shown 
In figures 20- to 25 for the conventional airplanes but are typical 
also of the tailless airplanes. 

A discussion of this motion falls logically into two parts, the 
transitory and the eventual motions. The first is governed almost 
entirely by the oscillatory mode and slightly by the heavily damped 
rolling represented by the X2 root. Provided oscillatory convergence 
exists, the eventual motion is governed entirely by the spiral stabil- 
ity or Instability (represented by the Xx root). 

The longer oscillatory period and lower oscillatory damping of 
the tailless airplanes are quite evident from these figures. These 
characteristics are most noticeable in the curves shewing the motion 
resulting from a side acceleration and. in sideslipping, but the rel- 
ative magnitude of the various motions must be considered. Where 
these osciallationa are large compared to the over-all motion, it is 
apparent that the increase in Cnr of the tailless airplane has a 
major effect. Where the oscillations are small compared to the over- 
all motion, the value of the damping, which is due to yawing, has a 
negligible effect. 

For both typee of airplanes, poeitive displacements result from 
positive acceleration with the exception of q>y and Ej;, in which 
cases negative displacements result from positive accelerations. In 
the case of JIT, positive accelerations cause a momentary negative 
displacement,after which the displacement becomes and remains positive. 
This initial negative displacement is due to the negative yawing mo- 
ment resulting from a positive rolling velocity. 

The eventual motion of tne various airplanes is wholly independ- 
ent of type, depending only on the existence cr nonoxistence of spiral 
stability. Vith a steady application of positive rolling or yawing 
unit accelerations, the Bpirally stable airplanes reach a constant 
positive angle of bank and Sideslip and a constant rate of yawing. A 
positive unit lateral-force'acceleration steadily applied to a spi- 
rally stable airplane will eventually produce a'constant negative 
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«Ogle of tank and a constant positiv* angle of yaw but no sideslip. The 
ataady application of any of the positive unit accelerations to tbe spi- 
rally unstable airplanes results In constantly Increasing positive angles 
of bank, yaw, and sideslip. Little value cen be gained through a study 
of the various magnitudes of these angular displacements since they rap- 
idly exceed the limits imposed by the basic assumptions In the theory of 
dynamic calculations. 

Motion Resulting from a Sharp-Edged Lateral Gust 

The time histories of the angles of bank, yaw, and sideslip about 
axes fixed in the airplanes are presented in figures 26 to 31 for a side- 
gust velocity of 10 feet per second. The amplitudes cf the angular de- 
flections are directly proportional to the site of the applied disturb- 
ance. Consequently, these resu3tu would have the sajre characteristics 
but different magnitudes for other guet velocities. 

Transitory motion.- In general, the mean angular displacements for 
the small airplanes are very small. The oscillatory motions though pre- 
dominant and rapid are convergent. For the conventional airplane the 
rate of damping is greater than for any case of the tailless. 

A comparison of the large tailless and conventional airplanes dis- 
closes the same differences in lateral-stability characteristics as 
previously stated. Their periods of oscillation are from three to four 
times greater than for the email airplanes, but their rates of damping 
are slightly less. 

For all airplanes the initial angle of sideslip upon entering the 
gust is v/U0 positive when the gust is from the right. Consequently, 
the angle of zero sideslip of the airplane in the guet is at -v/U0 as 
shown on the ß scale of figures 26 and 31. The tailless and the con- 
ventional airplanes oscillate in ;aw about a heading different from 
their original heading by an amount equal to approximately the initial 
angle of sideslip of the airplane. All oscillations in bank have a 
mean value very close or e-jual to zero. 

Eventual motion.- For a tjust, as for unit disturbances, the even- 
tual motion of the airplane investigated is largely a function of the 
spiral stability. The stable cases will gradually recover to zero 
angles of bank and sideslip (with respect to the pust) and will even- 
tually return to their original headings. This recovery in heading 
takes an infinite length of time, and this theoretical tendency of the 
completely stable airplane exists no matter how many different disturb- 
ances the airplane encounters. 
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The spirally unstable airplanes considered all turn to the right 
(into the vind) with the exception of the large conventional airplane 
vhlch turne down-wind. This down-wind turn results from the delay of 
the vertical-fin yawing reaction which la due to the time required for 
the tail of the airplane to penetrate the guet. The direction in which 
an unstable airplane turns can he shown tc he a function of this tiro 
delay and hence a function of airplane size and forward velocity. 

Motion with respect to the ground.- The flight paths and engular 
displacements of the airplanes with respect to a set of axes fixed in 
the earth are shown in flgureB 32 and 33 for the first 10 seconds follow- 
ing entrance into a 30-foot-per-eecond lateral guet. Since the ratios of 
forward speed to gust velocity considered are large, the displacements 
vary almost directly with gust velocity and the higher gust velocity can 
he used to amplify the airplane notion. 

Thene sketches of the flight paths give a visual picture of the re- 
eultir.3 motion and bring out two points:  (1) Spiral instability to the 
degree evident in these airplanes iß not enough to cause any serious dif- 
ficulty in restoring an airplane to its undisturbed orientation when It 
encounters a gust, and (2) For both sizes considered, the linear-side 
displacements of the tailless airplanes are the smallest due to their 
greater oscillations in yaw and sideslip. 

Coordinated Turns 

A typical variation of the angle of bank and the resulting rates of 
tolling and yawing for a zero sideslip turn are shown in figure 3k.    The 
control accelerations in roll and yaw needed to perform this maneuver 
have been converted to moment coefficients and are presented in figures 
35 and 36. The following table gives the approximate changes in headings 
of the large and small airplanes for the various periods of time used In 
performing this maneuver. 

Airplane Period 
(sec) 

Change in heading 
(deg) 

1 and 2 60 12^.5 

1 and 2 30 62.3 

1 and 2 15 31.1 

3 and U 15 13-1 

3 and 4 7 6.1 

3 and U 2 1.8 
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The maximum accelerations required in both rolling and yawing become 
larger ae the periods grow «nailer. Tor both size and a given period, 
the relative magnitudes of the rolling-moment coefficients required are 
nearly equal for the tvo types of airplanes. Ibis effect is reasonable 
since aerodynamic characteristics in roll are not greatly affected, by a 
tall. 

The yawing-moment coefficients for the small airplanes are negligi- 
ble and have not been presented. For the large airplanes the yawing- 
moment coefficients presented in figure 36 are also quite small. The 
large conventional airplane needs from two to three times the maximum 
yawing-moment coefficients that the tailless needs with either the maxi- 
mum or minimum damping in yaw considered. Based on equal control effec- 
tiveness, the large conventional airplane would therefore require slight- 
ly greater rudder and aileron coordination than the large tailless air- 
plane. The difference in coordination required of the small airplanes 
can be considered negligible. 

It should be noted that the term "coordination" as used in the pre- 
vious paragraph means the relative amounts of aileron and rudder deflec- 
tion required of the pilot to make zero sideslip turns. Wo consideration 
has been given to the ability of the pilot to make the required control 
motions speedily and precisely. It is entirely possible that if this 
factor were considered a measure of the coordination required, the pre- 
ceding conclusions would be radically altered. For instance, the coordi- 
nation required by the smell airplane, when interpreted as the control 
deflection magnitude, is negligible as previously stated. When inter- 
preted as the physical coordination required of the pilot to perform 
precisely those control manipulations, the coordination required may be 
considered largo or perhaps impossible. Further studies are certainly 
needed to establish some norm of physical coordination before final 
conclusions can be drawn as to the true handling qualities of these and 
other airplanes. 

Since the rolling-moment coefficients required of the two types of 
airplanes were so similar, the effects of yaw which ere due to the ailer- 
ons were not investigated. It should be noted, however, that the yawing 
control required of the tailless airplanes is so lew that an appreciable 
amount of favorable yaw which is due to the allercns will require rudder 
deflections opposing the turn. 

The email amount of directional control required of the tailless 
airplanes points to a possible unsatisfactory characteristic of this type 
of airplane. Given a rudder having conventional effectiveness it would 
be easy for a pilot to inadvertently overcoutrol and thus initiate and 
possibly enforce the large, slightly damped oscillation shown in the mo- 
tion resulting from a unit disturbance. 
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Budder Turn 

The results of the rudder-turn calculations for the snail airplanes 
are presented In figure 37 showing the jawing acceleration variation re- 
quired for this maneuver and the resulting angles of yaw, honk, and side- 
slip. As previously stated, it vas desired to make a 5° ch&ngt> of head- 
ing in l| seconds and to maintain that heading within half a degree 
thereafter by a smooth variation of the applied yawing acceleration. In 
two of the three cases investigated these specifications were mot, but 
for the case of the tailless eirplane with the least damping in yaw 
(Cnr • -0.005) no smooth yawicg acceleration could be found that main- 

tained the change in heading within half a degree. All the applied yaw- 
ing accelerations vary in a similar manner; a positive locp for the first 
k seconds and a negative loop that has not recrosaed the axes by 10 sec- 
onds. These accelerations would eventually beccme positive again before 
dying out. 

For the first h seconds of this maneuver the conventional airplane 
required approximately 2.5 times the yawing-mement coefficient, devel- 
oped about the same angle of sideslip and banked slightly further than 
the tailless airplane. These k seconds would give a fighter, traveling 
100 miles per hour faster than Its target, 2| seconds firing time while 
closing in from 200 to 75 yards. Tc maintain this chanje in heading the 
ccrvTfirtirrwl airplane requires a more rapid but considerably less sus- 
tained control motion. The resulting oscillatory motion as well ae the 
displacements in bank and sideslip vanish much sooner then they dc for 
the tailless airplane. 

Aileron Boll 

The results of the calculations made to determine the necessary va- 
riations in rolling acceleration and the resultant angles of yaw and 
sideslip during a roll to 90° ban« and return to 0C are presented In fig- 
ure 38- The effects of yaw which are due to the ailerons have been Ig- 
nored in these results. It should be remembered that these displacements 
exceed the limitations imposed by the theory and hence only the relative 
magnitudes should be coneidered. Since the results are largely qualita- 
tive, the only case investigated for the tailless alrrlane was that of 
the highest value of damping which is due to yawing. 

The variations with time of the control rolling-moment coefficients 
required to complete the maneuver are nearly identical for the two air- 
planes. They are of the same form as the corresponding curves computed 
for the coordinated turn maneuver and involve first a positive and then a 
negative control motion of equal magnitude. 
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The resultant oscillatory notions In yawing and. sideslipping are 
email for both airplanes, but the tailless again shows slightly longer 
and. 3.088 damped oscillations. The jawing motion la delayed until the 
uaxli^jm angle of hank is reached afxer which it becomes positive and op- 
poses the return to zero bank. The sideslipping motion is positive 
throughout the major portion of the rolling motion, thus opposing the 
Initial rolling and aiding In the return. 

Since It is unreasonable not to expect yaw due to ailerons, the ef- 
fects of both adverse and favorable yaw dut> to ailerons were investigated. 
Yewing acceleration curses based on yawing-moment coefficients equal to 
10 percent of the rolling-moment coofficitnto are shown for favorable 
yaw in figure 39 together with the banking, yawing, and sideslipping 
displacements they effected. While the rollln^-mcmem; coefficients and 
hence the resultant yawlng-moment coefficients were almost equal for the 
two airplanes, the jawing acceleration experienced by the tailless air- 
plane was greatest due to its smaller mommt of inertia. This effect, 
together with the lower damping in yaw, resulted in the tailless alrplen» 
exhibiting large and prolonged OLclllatlons. While these oscillations 
also appeared in the motion of the conventional airplane when jaw, which 
was due to the ailerons, was considered, they were much lesa pronounced 
and more highly damped. 

The relative magnitudes of the combined motions resulting from roll 
and aileron yaw may be seen by comparing figures hO and 4l which shew, 
for the tailless and conventional airplanes, the angles of sideclip, yaw, 
and roll developed. It appears from these results that tailless design 
will require a careful consideration of the yaw, which is due to the ai- 
lerons, if satisfactorj filing qualities are to be obtained. It ie prob- 
able that the beneficial effects usually associated with favorable yaw, 
which is due to the ailerons, may be fcr a tailless design more than 
counteracted by the undes:lrable resultant oscillations. 

The curves show that the yiwlnj and Eideslippiry motions are 
respectively positive and negative when favorable yaw ie present and that 
the maximum angle of bank (also the corresponding rolling velocity) Is 
increased by these beneficial effects. Adverse yaw which ie due to the 
ailerons produces, of course, exactly the opposite results. 

CONCLUDING EEKAEKS 

The dynamic lateral motion of the tailless airplanes considered doee 
not differ greatly from that of the conventional airplanes of comparable 
sice. Both types showed oscillatory convergence and, for the various 
cases, possessed spiral divergence or convergence in ebout the same 
degree. The tailless airplanes showed the least damping and greatest 
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displacements in the oscillatory form of the motion due to any external 
disturbance. It appears doubtful that this notion can be mad? as slight 
for a tailless airplane as for a conventional airplane. It was estimated 
that the criterion for satisfactory damping of lateral oscillations with 
oontrole free (that the amplitude be damped one half in 2  cycles) would 
be satisfied by both conventional airplanes, and by tue large tailless 
airplane with the high and possibly with the medium values of CBr and 

the small tailless airplane vita the Highest value of Cnr. tfhe smell 
tailless airplane probably would not satisfy this criterion when Cnr 
was reduced. 

The reaction of the tailless airplanes to an outside disturbance 
such as a gust would not be appreciably different froa the reaction of 
a conventional airplane. Therefore, no unusual lateral-control require- 
ments should be encountered in normal tteady flight. 

Investigation of the control coefficients required to complete a 
«ero sideslip turn shewed that little difference would exist Between the 
rolling coefficients required by a tailless ein lane and by a conven- 
tional airplane. Tvo to three times less directional control was re- 
quired for a tailless airplane and it will, therefore, show tq a greater 
extent th« effects of adverse or favorable yaw of the ailerons. 

The tallleso airplane will require considerably less directional 
control and will have slightly different motion wh*re a change of heading 
is made with rudder alone. During the initial period of such a maneuver, 
the talllocs airplane will have a definite advantage since the required 
directional control ie ons-half to two-thirds that of the conventional 
airplane. To maintain the change in heading, however, the tailless air- 
plane will require a considerably longer period of control maoipnlaticn 
than will the conventional airplane. 

When the yaw which is due to the ailerons is neglected, the lateral 
control required and the resulting eideslip and yawing developed during 
a rapid rolling maneuver made with ailerons alcne will be nearly identi- 
cal for the two typ«e of airplanes. Aileron yaw, however, undesirably 
amplifies the oscillations of the tailless airplane; whereas it has only 
a negligible effect on the conventional airplane. 

In general, it can bo expected that the nraan valuff of the lateral 
displacements in disturbed motion will be of the same magnitude for a 
tailless and a conventional airplane, but the oscillatory motion cf the 
tailless airplane will be greater and considerably lese dainced. For a 
desired degree of maneuverability, the tailless airplane will require 
from one-half to one-third less directional control than the conventional 
airplane but will be much more significantly affected by small yawing 
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moments such as would result from alleren yaw, asymmetry of power, con- 
etruction, and so forth. 

Ames Aeronautical Laboratory, 
National Advisory Committee for Aeronautics, 

Moffett field, Calif., August 5, 19h6. 

APTHIDII 

An Investigation of the lateral-dynamic motion of an airplane can fee 
made by following a mathematical jjrccedure presented in reference k and 
modified in reference 7. Tai» wthod employs unit disturbances, as de- 
veloped in Heavleide's operaticual calculus. The effects of the unit 
disturbances can be compounded tc give matiens reeulting frcm eny form of 
outeido disturbance. The unit disturbances considered in lateral motion 
are unit aeceltnations about the Ä-axIs (rolling) and the £-axis (jawing) 
and alons tho Y-axis (sideslipping) • 

Each disturbance enforces rolling, jawing, and sideslipping notions. 
Thus, to define conpletelj the mcticn resulting from an arbitrary dis- 
turbance, nine equations are  required, identical in form but with varying 
constants. For example, the equation for the rolling velocity p re- 
sulting from a unit yawing acceleration II may be expressed as 

VnM - *tt0 + FNj« 
X,t 

+ PS, 
\pt 

+ PNa« 
X,t 

PI^ >*t 

where X is a root of the stability equation end pn0, pj:a> and so 
forth, are constants involving the roots and airplane characteristics. 

Heaviside's expansion theorem forms the general e.xpriesicn for the 
nine equations and from it the expressions for tue censtants, p^ , Pw » 
and so forth, are found. 

f(D) 

where 

V1 f(x) 
^xT'TH 
x 

xt 

f(c)  „ 
F£J " p»o 

and 
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PHxi PB2# "* s0 for*h 

Tto expressions ?(o) and F'(V) are identical for all the equa- 
tions and vary only with the value of the particular root. As shewn, in 
reference 7» they nay be found by combining the roots ae follows: 

»' <»a) - Xi(*i-*e) <>a-*o) (X1-X4) 

r«(X8) = XgtXs-Xi) (Xa-Xs) (XE-X4) 

J"(\») = ^0*-*-i) (X-s-Xa) (X3-X4) 

F'CV*) = X*U*-*a) (X4-Xs) (X4-X9) 

The forms of the exorensiona    f(o)    and   f (X)    are different for 
each variable    (v, r, v)    t*:d tor «fc.ch dist^baiwa    (Y, L, N)    and the 
values of the expvassiovu are. Ciife.orA foi- iacli root.   The nine required 
equation are listed below.   Tlie valua of   f(o)    nay te found by substi- 
tuting, zero for the value of   X,    and   f (X)    ma,, be found by substituting 
the appropriate values of   X. 
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Disturb- Motion 
! 

P 

Y                               (LjJfp - LpKr)X + Lp\2 

L 
y 

X3   - X2 f'llr + Jj+x(»ß+ Hj P to) 

N T-Lp-   (Lr^)]x + IrX- 

Y 

r 

X2Hß + X(LßHp - LpHp) 

L X% - XKp g • Nß £ 

N *.x«(g + 1,)+u/J. T         ß 

Y 

V 

uo X3 - X'!(Lp + Kr) + X(LpKr - W] 
L g(X - Ur)  - XNp 

....                    1 

N 
*(fe •*»-*') | 

The equations for <p and i}> nay be eesily obtained b; irite^irati::^ 
those for p ar.d r. The 9 end ty thus obtained will be the angles 
developed in rotation about the X- and Z-axoe, respectively. Dividing 
the equation for v by U0 gives /ery cloeely, the angle of sideslip 0. 

When the stability equation yields a pair of ccnjufjate co^plox 
roots, the neceeBary computations are more easily made if the expressions 
involving these roots are combined. The exuuple previously cited then 
changes to this form: 
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PH(t> • PHO + wx »Xlt + p„a«X8t + a7i8 + J2 ••* cos b(t + tpH) 

«hare 

I + U - pM3 

a  real part of the complex root 

h   imaginary part of the complex root 

tp_ phase shift for the damped coslae curve and. equal to 

(1/b) tan"1 (J) 

To convert the motion of the airplane relative to the air to motion 
relative to the ground, the following equations vere used: 

lateral distance  X =J"[U0 sin ty + v0 + v COB *]dt 

Longitudinal distance Y. - J [tfo cos if  - v sin 40 dt 

where VQ is the velocity of the airplane aB carried with the gust. 
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TABLE I.- THE PHYSICAL PROPERTIES OP 
THE AIRPLANES INVESTIGATED 

Properties Airplane  1 Airplane 2 Airplane 5 Airplane I4. 

S 2510 1800.0 296 
b 173.25 154.0 kc 59 
n 5830 2,795 261 217.5 

1 59.22   19.0a 

*** 1.959.627 666,121 li,5öl' 9,800 

IZT. 3, 152.171* 869,060.9 1U,597 10,900- 

P .002578 .002578 .001189 .001189 
Bo 2 61*. 5 za..r, 62 & 626 

°L .600 .601 .152 .102 

a .1051V .10514 .0252 .0173 

% -.015 -.006 -.0105 -.0055 

C>P 
-.0016 -.0015 -.0012 -.0009 s .002a .OOOl; .0016 .0007 

C>r .1202 .11353 .021^* .01718 

C"r . -.0051 -.00557 -.0100 -.0002 

'"'tail 
-.1175 

-.0050 
-,0«iOO 
-,0150 

-.1257 
-.OO50 
-.0500 
-.OI50 

% -.5te -.515 -.452 -.1*1*2 
C«P -.0^06 -.0382 -.OO58 -. 001+5 

TABLE III.- THE STABILITY 
PERIODS FOR 

(.UARTIC  ROOTS,   RATES  OP DAMPING AND 
THE AIRPLANES CONSIDERED 

Item Airplane  1 
Airplane 2 

Airplane  3 
Airplane k 

Ca3e a Cane b Case c Caae  a Case b Case c 

\ 0.0060 0.0120 O.C055 -O.OI8I -0.0088 0.0012 -O.OOO3 -0.0051+ 

15-7Ü 7.93 18.01+ 5-8 11.95 80.J+ 332.5 19.6 

*a 
-3.2888 -3..;/.i -3.9359 -3.9303 -8.0737 -3.30Ö7 -3.O096 -3.8O96 

bt .21 .18 .18 .18 .09 .18 .18 .18 

a -.3030 -.0552 -.0811 -.1721 -.1+710 -0739 -.1121 -21*31* 

\> 2.3 12.56 8.5U I4.03 1.1+7 9.37 6.j8 2.85 

b 1.2537 • B33U. .8521] .8189 U.0335 3.1222 3.1230 3.1197 
c2ir 5.02 7.5U 7.55 7.67 I.56 2.01 2.01 2.01 

aTlna for amplitude  to increase or diminish by one-tenth. 
bTime for amplitude  to diminish by one-half. 
"Peried of oscillation. 
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